T he extraction of oil and natural gas from unconventional sources such as deep shale rock formations using techniques including horizontal drilling and high-volume hydraulic fracturing has helped position the United States as the leading global producer of both crude oil and natural gas. 1, 2 In 2018, horizontal drilling was responsible for approximately 60% of both oil and natural gas production in the United States. 3 The accelerated industrial expansion, particularly in rural areas, has been suggested to increase local employment and stimulate the local economy through increased patronage of hospitality businesses and royalty payments to residents. 4 Conversely, others have found that economic benefits, particularly that of local job creation, may have been overstated and that these potential benefits have come at a cost to the health of host communities in the form of impacted air and water quality, transportation infrastructure, and noise levels. 5, 6 Unconventional oil and gas (UOG) operations are complex, multiphase processes often carried out by regional or national companies using specialized workers who commute across counties or states. 7 The largest boost in employment, and thus the largest influx of these nonlocal workers, likely occurs within the initial phases of development due to the need for construction of the well site, transport of materials and water, and operation of drilling rigs. 8 Few health studies of the UOG industry have examined the potential for indirect morbidities occurring at the community-level from increased labor migration.
An influx of nonlocal laborers has been associated with increases in sexually transmitted infections (STIs), including HIV, in numerous prior settings, including areas of resource extraction. [9] [10] [11] [12] Migration increases mixing between population groups, creating more opportunities for sexual transmission of infections. 13 The introduction and growth of the UOG industry, which is 80% male, leads to an increase in young, male workers often living in temporary workcamps characterized by a masculinized culture, separated from their usual social milieu and long-term sexual partners, and potentially with available access to sex workers. 9, 13, 14 This reliance of the UOG industry on transient labor from other states may impact population mixing patterns, including sexual networks in host communities. 15 Three previous studies have observed an association between UOG development and an increase in certain STIs, all conducted in the eastern United States. One study focused on counties in New York, Ohio, Pennsylvania, and West Virginia that overlaid the Marcellus Shale formation, one of the highest producing shale resources in the United States. This study found that counties experiencing a "fracking boom" (≥50 hydraulic fracturing wells drilled in a year) experienced a 20% increase in gonorrhea compared with counties not experiencing a "fracking boom." 16 A second study of all counties in Ohio found that counties with high shale gas activity (>10 shale gas wells permitted in a year) experienced a 21% increased rate of chlamydia and a 19% increased rate of gonorrhea compared with counties with no such activity. 17 A third study found that Pennsylvania counties with UOG activity experienced a 7.8% increased rate of gonorrhea and a 2.6% increased rate of chlamydia, relative to the average state rates. 18 Although these studies contribute important information on the potential community health impacts related to UOG development, they focus exclusively on communities in the Marcellus Shale region of the eastern United States, despite the fact that the midwestern and western United States also host high-producing shale formations. Therefore, the objective of our study was to examine the relationship between shale drilling activity and reported rates of chlamydia, gonorrhea, and syphilis in Colorado, North Dakota, and Texas from 2000 to 2016. We focus exclusively on the rapidly growing UOG industry (and not conventional drilling activity) because the majority of the labor force will likely continue to be concentrated in the UOG industry. The intent of this multistate, multiregion analysis was to evaluate the relationship between shale drilling activity and STIs in different regions to assess whether previously observed relationships were place-based phenomena or could be observed consistently across multiple geographic areas with UOG development.
MATERIALS AND METHODS

Study Design
We conducted an ecologic study that used annual shale drilling data, sociodemographic data, and reported STI rates for all counties in Colorado (n = 64), North Dakota (n = 53), and Texas (n = 254) for the years 2000 to 2016. We selected this period to allow for the modeling of STI rates before the start of shale drilling activity, which occurred in either 2005 or 2006 in each state. Because our time-dependent data varied across each county and year, the unit of analysis was county-year. The ecological study design allowed us to study health indicators that may follow from industrial changes at policy-relevant geographical scales.
STI Data Acquisition
We obtained the annual rates (cases per 100,000 population) of chlamydia, gonorrhea, and primary and secondary syphilis using the Centers for Disease Control and Prevention's (CDC's) AtlasPlus tool. 19 Case data used to calculate these rates are confirmed diagnoses reported to the CDC by county and state health departments, and population denominators are based on calendar year estimates from the US Census Bureau.
Sociodemographic Data Acquisition
We obtained time-varying data for numerous established sociodemographic risk factors for STI from the Decennial Census and American Community Survey (ACS) provided by the US Census Bureau. 20, 21 Because the US Census queries people at their "usual residence" and not a temporary one, we included these variables to control for potential confounding due to differences in background demographic characteristics of county residents (not the shifting demographics due to the presence of temporary workers, which are not likely to be detected by these Census surveys). Variables included sex (percent population female), age (percent population 15-29 years of age), race (percent population identifying as white, black or African American, American Indian or Alaska Native, and Asian), ethnicity (percent population identifying as Hispanic or Latino), educational attainment (percent population 25 years and older who graduated high school and percent population 25 years and older with a bachelor's degree), income (median household income in US dollars per year), poverty (percent population who experienced poverty within the last 12 months), and health insurance coverage (percent population with health insurance). Population density was calculated by dividing the 2010 population estimates used by the CDC in formulating STI rates, by county area (in miles squared) as reported by the US Census Bureau in 2010.
Because the availability of sociodemographic data availability varied across the study period, decision rules were applied to assign values to each county-year. Specifically, because ACS data first became available for 2005 to 2009, data from the 2000 Decennial Census were applied to the years 2000 to 2004. Data from the 2005 to 2009 ACS 5-year estimates were applied to the years 2005 to 2009. The ACS 5-year estimates ending in the given year were applied to the years 2010 to 2016 (e.g., the 2011-2015 ACS 5-year estimates were applied to the year 2015). Because the variable percent population with health insurance did not become available until the 2008 to 2012 ACS, the values from the 2008 to 2012 ACS 5-year estimates were assigned to the years 2000 to 2012; the ACS 5-year estimates ending in the given year were then applied to the years 2013 to 2016 for subsequent years, consistent with the assignments of the other covariates.
Shale Drilling Data Acquisition
We used data pertaining to county-level shale drilling activity from Enverus-a commercially available data set of drilling activity across the United States-to construct a metric for the number of new shale wells drilled or "spudded" per county per year, considering all active wells with a spud date between January 1, 2000, and December 31, 2016. 22 To focus the analysis on UOG development, we only included oil and gas wells targeting a shale formation. A well was identified as targeting a shale formation if the name of the target formation was identified as a major shale play by the US Energy Information Administration or if the target formation contained the term "shale." 23 Among the wells meeting our inclusion criteria in Colorado (n = 6543), 96% targeted the Niobrara formation, followed by the Baxter-Mancos (3%), and the Pierre (1%) formations. Among wells meeting our inclusion criteria in North Dakota (n = 12,642), 65% targeted the Bakken formation and 35% targeted the Three Forks formation. Of the wells included in Texas (n = 32,998), 48% targeted the Eagle Ford formation and 44% targeted the Barnett formation followed by the Haynesville-Bossier (3%), Bone Spring (2%), Delaware (2%), and Spraberry (1%) formations.
Based on a visual inspection of the distribution of nonzero values for spuds targeting a shale formation per county-year across all 3 states, we identified 50 shale spuds as a natural cut-point in the distribution and therefore an appropriate delineator of high and low shale drilling activity. Each county-year was classified according to its shale drilling activity: none (0 spuds targeting shale), low (1-49 spuds targeting shale), and high (≥50 spuds targeting shale) for the study period 2000 to 2016.
Statistical Analysis
In univariable analyses, we examined whether there were differences in the distribution of individual sociodemographic variables or reported STI rates within county-years with 0, 1-49, and ≥50 spuds targeting shale for Colorado, North Dakota, and Texas (2000-2016) using analysis of variance.
In multivariable models constructed separately for each state, rate ratios (RRs) with 95% confidence intervals (CIs) were calculated for the association between county-year shale drilling activity and reported cases of chlamydia, gonorrhea, and syphilis, using a mixed-effects Poisson regression model fitted using Proc Glimmix in SAS (SAS Institute, Cary, NC). Each model included a log of county population for each county-year as an offset term to account for the impact that variability in population would have on expected STI counts. A county-level random effect was included to establish a baseline STI rate for each county and to control for the potential correlation of rates across time within each county. An observation-level random effect was included to control for any excess variability in the STI case data that was unexplained by the covariates (i.e., overdispersion). Year was included in each model as a categorical variable to account for secular trends in STI counts over time (i.e., the background increase in STI over the study period), with the earliest year for which STI data were available for that state and disease as the reference. Shale drilling activity was included in all models as the independent variable of interest.
All sociodemographic covariates were initially included in our final models, to control for any potential confounding resulting from differences in background demographic characteristics of county residents. When 2 were highly correlated (|r Spearman | ≥ 0.7), 1 was removed from the model to avoid estimation troubles caused by multicollinearity. The final models included all remaining sociodemographic covariates, regardless of their statistical significance in the model to more completely account for potential confounding. Models were kept consistent within each state across the 3 STIs. Before inclusion, all covariates were standardized on a state-by-state basis to improve stability during model fitting, and the results were back-transformed to the appropriate scale for interpretation. In sensitivity analyses, we constructed more parsimonious models in which we retained only sociodemographic variables that were statistically significant at P < 0.05. In addition, we reran our models removing the covariates "population density" and "% population female" to verify we were not inappropriately adjusting for variables on the causal pathway, which could occur if these variables were in fact sensitive to demographic shifts resulting from the influx of male workers (in contrast to our assumption). All results from sensitivity analyses with more parsimonious models were consistent with the primary models; therefore, results from only the more fully adjusted models are presented.
RESULTS
Colorado
In Colorado, shale drilling activity exhibited a bimodal distribution across the study period. The number of active spuds targeting a shale formation increased from 2000 to 2005, declined to a minimum in 2009, then rose to a maximum in 2014. Average annual rates of all reported STI mirrored and usually remained below rising national trends (Fig. 1) .
The study period included 1088 county-years (64 counties Â 17 years each; Table 1 ). Of these county-years, 17 (1.6%) experienced high shale drilling activity, 133 (12.2%) experienced low shale drilling activity, and 938 (86.2%) experienced no shale drilling activity. County-years with high shale drilling activity were generally less populated, had a lower percent white population, had lower educational attainment, and had poorer health insurance coverage compared with county-years with low or no shale drilling activity.
No association was observed for the relationship between shale drilling activity and rates of either chlamydia or gonorrhea. An elevated monotonic relationship between shale drilling activity and rates of syphilis was observed in unadjusted models, but did not remain in adjusted models ( Table 2 ).
North Dakota
In North Dakota, shale drilling first commenced in 2005, experienced a slight decrease in 2009, and increased steadily to a maximum number of active shale spuds in 2014. Average annual reported rates of all STI increased throughout the study period and generally remained far below national trends (Fig. 1) .
The study period included 901 county-years (53 counties Â 17 years each; Table 1 ). Of these county-years, 43 (4.8%) experienced high shale drilling activity, 61 (6.8%) experienced low shale drilling activity, and 797 (88.5%) experienced no shale drilling activity. County-years with high shale drilling activity had lower population density, lower educational attainment, and higher median household income compared with county-years with low or no shale drilling activity. Population density in all countyyears in North Dakota was over an order of magnitude lower than the population densities in Colorado and Texas.
A statistically significant association was observed between high shale drilling activity and rates of both chlamydia and gonorrhea in unadjusted models, but did not remain after adjustment for covariates. The association between shale drilling activity and rates of syphilis was nonmonotonic and null in both unadjusted and adjusted models ( Table 2) .
Texas
Texas has a longer history of both conventional and UOG development than either Colorado or North Dakota. Shale drilling activity experienced a noticeable increase between 2006 and 2008, which decreased in 2009 before rising again to a maximal number of shale wells in 2014. Meanwhile, reported rates of all STI generally followed and remained higher than national trends throughout the study period (Fig. 1) .
The study period included 4318 county-years (254 counties Â 17 years each; Table 1 ). Of these county-years, 141 (3.3%) experienced high shale drilling activity, 481 (11.1%) experienced low shale drilling activity, and 3696 (86%) experienced no shale drilling activity. County-years with high shale drilling activity generally had a much higher population density and a slightly higher Hispanic population compared with county-years with either low or no shale drilling activity. Across the state, Texas county-years were generally more population dense, had higher black and Hispanic populations, and had higher levels of poverty compared with county-years across Colorado and North Dakota.
After adjusting for sociodemographic covariates, countyyears with high shale drilling had a 10% increased rate of chlamydia (RR, 1.10; 95% CI, 1.04-1.17) and a 15% (RR, 1.15; 95% CI, 1.04-1.28) increased rate of gonorrhea compared with countyyears with no shale drilling activity. No association was observed for the relationship between shale drilling activity and rates of syphilis ( Table 2) .
DISCUSSION
This work represents the first multistate, multiregion analysis of shale drilling activity and STI rates in the United States. The findings of a positive association between high shale drilling activity and annual county-level rates of gonorrhea and chlamydia in Texas support previous findings from studies of the Marcellus Shale region. [16] [17] [18] The lack of associations in Colorado and North Dakota highlights heterogeneity in observed relationships across geographic areas. The null association for syphilis across all 3 states was consistent with prior literature.
Incongruous findings between Texas, Colorado, and North Dakota may be due to a few factors. Although all 3 states experienced a significant increase in shale drilling activity throughout the study period, the increase in Texas was orders of magnitude higher than that observed in either Colorado or North Dakota. This higher intensity of drilling activity may have been associated with a larger influx of workers, which could increase the likelihood of higher STI transmission rates. In addition, the observed association in Texas may be due to its greater number of major metropolitan areas, also referred to as metropolitan statistical areas (MSAs), which have a population equal to or greater than 50,000. Metropolitan statistical areas generally have rates of STI higher than the national average. 24 The out-of-county and out-of-state workers who commute through or visit these MSA could be acquiring STIs in these metropolitan areas, and then introducing the infections in the counties where they are working. In 2010, Texas had 25 MSAs, whereas Colorado had 7 and North Dakota had 3. 25 This hypothesized explanation is also consistent with similar associations previously observed for counties with high shale gas activity in Ohio and Pennsylvania, which both had 16 MSAs in 2010. 17, 18, 25 There was no observed association between shale drilling activity and rates of syphilis. This STI occurs most commonly in men who have sex with men, which may compose only a small proportion of the male population in counties with shale drilling activity, thus making the detection of any association particularly difficult. 26 An increase in rates of chlamydia is concerning because asymptomatic individuals may remain untreated, and an association with gonorrhea is concerning given the recent rise in antibiotic resistant infections. 26 Although these STIs are generally treatable, they have substantial health care costs, and some infections have long-term consequences, such as negative effects on fertility. 27 Future research is needed to further evaluate these associations at the individual level. In addition, an investigation of the transmission dynamics in communities with high shale drilling activity could inform targeted interventions aimed at reducing STI transmission rates among the general population.
Because our analysis is ecologic in nature, results cannot be interpreted at an individual level. However, this ecologic analysis provides an important assessment of community-level health impacts of the UOG industry. Solutions to address potential human health impacts of UOG development or increasing incidence of STIs are likely to be implemented at a community level (e.g., county or state), therefore highlighting the policy relevance of the geographical units studied. 28 Shale drilling is used as the exposure of interest in this study because it is a measurable factor that logically reflects the changes in social forces and dynamics that follow from industrial changes and may facilitate STI transmission. One aspect of this underlying mechanism to examine would be to quantify the number of nonlocal workers migrating to counties with low, medium, or high shale drilling activity, yet there are very limited data on the size and movements of this workforce.
Some important limitations of this study should be noted. Based on our exposure classification, there were fewer countyyears in the high shale drilling category for each state, which could have limited statistical power. Also, we did not directly adjust for possible spatially correlated random effects in the data. Other limitations include the reliance on a passive STI surveillance system, which is likely to produce an underestimate of the true STI burden. Although we included year as a categorical variable in our models to account for any secular trends in underlying STI rates, we cannot rule out that the observed elevated STI rates in Texas are due not to a true increase in the community-level burden of STI, but rather to expanded screening, increased use of more sensitive diagnostic tests, or better national reporting.
This study also underscores the need for a better understanding of the UOG worker population and any STI-related health burdens they may be experiencing. Because reported STI rates are aggregated at the county level based on patient's residential address, they may not capture the health burden of the nonlocal UOG workers themselves. To the extent that nonlocal UOG workers are influencing these STI rates, they would likely benefit from improved access to testing and treatment, especially because they may be disconnected from their primary sources of health care. Furthermore, these workers may already be facing numerous other occupational hazards including hazardous respiratory exposures, injuries, and fatalities. 29, 30 Future research should focus on improving an understanding of the transmission patterns present between nonlocal workers and community members without further stigmatizing nonlocal UOG workers. 31 In conclusion, this study provides important information for counties that are either currently or soon to be experiencing shale drilling activity. Associations between shale drilling and chlamydia and gonorrhea in Texas are consistent with the previously observed associations in the Marcellus Shale, and may reflect increased risk in areas with greater drilling activity and increased proximity to major metropolitan areas. Observed differences in relationships between shale drilling and STI rates across states highlight the need for local epidemiology to better inform an understanding of the underlying transmission dynamics. Future studies, including surveys of the sexual behaviors of workers, sexual behaviors of community members, and sexual mixing patterns, could shed additional light on the possible mechanism underlying observed associations.
